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Mesoporous  Nitrogen-Doped  Carbon-LiSICON  Glass  Ceramics  as  High 
Performance  Cathodes  in  Solid-State  Lithium-Oxygen  Batteries 


Padmakar  Kichambare*  and  Stanley  Rodrigues[al 

The  vast  increase  in  demand  for  energy  has  generated 
a  large  need  for  energy  storage  devices  that  have  high 
energy  and  power  densities.  Among  various  electrochemical 
energy  storage  systems  explored  to  date,  the  lithium-oxygen 
battery  is  one  of  the  most  promising  technologies, [1]  which  is 
attracting  a  great  deal  of  attention  because  of  its  high  theo¬ 
retical  specific  capacity. [2]  Although  these  batteries  offer 
many  advantages,  they  also  face  many  technical  challenges 
that  need  to  be  overcome  for  the  realization  of  practical  lith¬ 
ium-oxygen  cells  operating  in  ambient  environments.  Several 
components  dictate  the  performance  of  these  cells,  such  as 
the  oxygen  cathode,  electrolyte  composition,  relative  humidi¬ 
ty,  and  cell  design. [3]  In  particular,  the  material  architecture 
of  the  oxygen  cathode  plays  a  critical  role  for  the  reduction 
and  diffusion  of  oxygen  in  the  cathode  of  a  lithium-oxygen 
cell. 

In  1996,  Abraham  and  Jiang[4]  first  reported  a  nonaqueous, 
rechargeable  lithium-oxygen  cell  that  delivered  a  cell  capaci¬ 
ty  of  1410  mAh  g_1  in  a  pure  oxygen  atmosphere.  Following 
this  work,  there  have  been  significant  efforts  to  improve  the 
cell  capacity. [5]  In  our  previous  studies  regarding  solid-state, 
rechargeable  lithium-oxygen  cells, [6]  we  found  that  cells  fab¬ 
ricated  from  carbon  and  lithium  aluminum  germanium  phos¬ 
phate  (LAGP)  demonstrated  excellent  discharge  capacities. 
In  subsequent  work,[7,8]  we  reported  an  enhancement  in  dis¬ 
charge  capacity  for  a  cell  prepared  from  a  nitrogen-doped 
carbon  (N— C)  blend  with  5wt%  LAGP  (composite  1),  and 
a  N-C  blend  with  10  wt%  LAGP  (composite  2).  In  continua¬ 
tion,  we  report  here  the  use  of  a  N— C  blend  with  20wt% 
LAGP  (composite  3)  in  the  cathode  of  a  solid-state  lithium- 
oxygen  cell  that  demonstrates  superior  discharge  cell  capaci¬ 
ty  compared  to  the  cell  performance  with  composite  1  or  2. 
The  improvement  in  cell  performance  is  attributed  to  superi¬ 
or  electrochemical  activity  of  composite  3  towards  the  reduc¬ 
tion  of  oxygen,  and  the  higher  ionic  conductivity  of  LAGP  to 
transport  lithium  ions  throughout  the  composite  matrix. 

The  morphology  of  composite  3  was  examined  by  using 
SEM.  Figure  1  shows  the  SEM  image  of  composite  3,  the 
image  contains  fibrous  structures  that  correspond  to  the 
N— C  blend,  and  crystals  of  LAGP  (shown  by  the  arrow). 
Typical  Brunauer-Emmett-Teller  (BET)  nitrogen  adsorp¬ 
tion-desorption  data  and  the  mesopore  size  distribution  at 
77  K  for  composite  3  are  shown  in  Figures  SI  and  S2,  respec¬ 
tively  (see  the  Supporting  Information).  The  BET  surface 
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Figure  7.  SEM  image  of  composite  3  (N— C  blend  and  20wt%  LAGP),  which 
shows  both  fibrous  and  crystalline  (see  the  arrow)  material. 

area,  pore  volume,  and  porosity  of  composite  3  were  demon¬ 
strated  to  be  970  m2g-1,  1.25  cm3 g_1,  and  40.8%, 

respectively. 

Cyclic  voltammetry  (CV)  was  used  to  evaluate  the  electro- 
catalytic  activity  of  composite  3.  The  CV  curves  recorded  in 
an  oxygen-saturated  aqueous  solution  of  0.1m  KOH  are  pre¬ 
sented  in  Figure  2,  data  for  composite  1  and  2  are  also  shown 
for  comparison.  Well-defined  oxygen  reduction  reaction 
(ORR)  peaks  were  observed  at  approximately  —0.495, 
-0.568,  and  —0.451  V  versus  a  saturated  calomel  reference 
electrode  (SCE),  for  composites  1,  2,  and  3,  respectively.  The 
highest  reduction  current  density  of  0.0058  A  cm-2  was  ob¬ 
tained  for  composite  3.  This  indicates  that  in  addition  to 
a  low  carbon  content  and  the  lowest  BET  surface  area,  com¬ 
posite  3  also  has  the  highest  electrocatalytic  activity  for  the 
ORR  among  all  of  the  prepared  composites.  It  is  important 
to  note  that  pure  LAGP  exhibits  electrocatalytic  activity  to¬ 
wards  the  ORR,[9]  and  LAGP  also  displays  high  ionic  con¬ 
ductivity.  The  existence  of  cavities  and  tunnels  in  the  struc¬ 
ture  of  LAGP  accommodates  gaseous  oxygen  molecules  and 


Figure  2.  CV  curves  of  composite  1  ( - ),  composite  2  (-•-•),  and  compo¬ 
site  3  ( . )  in  0.1  M  KOH  at  25  °C  and  a  scan  rate  of  5  mVmin  \ 
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aids  the  diffusion  and  reduction  of  oxygen  at  the  cathode. 
LAGP  could  also  aid  in  stretching  the  oxygen  molecules,  fa¬ 
cilitating  dissociation,  while  the  N— C  blend  enhances  the 
electronic  conduction.  Therefore,  the  combination  of  a  N— C 
blend  and  LAGP  in  composite  3  affords  highly  active  elec- 
trocatalytic  sites,  enhanced  electronic  and  ionic  conductivity, 
and  potential  stretching  of  the  oxygen  molecule,  which  to¬ 
gether  lead  to  enhanced  electrocatalytic  performance.  Based 
on  the  high  surface  area  of  composite  3,  its  mesoporous 
structure,  and  electrocatalytic  activity  towards  oxygen  reduc¬ 
tion,  a  solid-state  lithium-oxygen  cell  with  a  2  cm2  area  was 
fabricated  in  the  form  of  a  coin  cell.  The  cathodic  side  of  the 
cell  contained  perforations  so  that  oxygen  could  access  the 
cathode.  The  lithium  anode  was  coupled  to  an  oxygen  cath¬ 
ode  through  a  solid  electrolyte  laminate,  as  described  in  our 
previous  work.[6] 

The  charge-discharge  profiles  of  the  lithium-oxygen  cell 
containing  the  composite  3  cathode,  at  various  current  rates, 
are  shown  in  Figure  3.  This  cell  was  reversibly  charged  and 
discharged  using  currents  of  0.2,  1,  and  5  mA  in  an  oxygen 
atmosphere  at  75  °C.  The  open  circuit  voltages  (OCV)  of  the 
lithium-oxygen  cells  fabricated  with  composites  1,  2,  and  3 
were  3.03,  2.92,  and  2.91  V,  respectively.  The  difference  in 
OCV  is  likely  because  of  internal  series  resistances  between 
various  cell  components  as  well  as  activation  polarization  of 
the  cathode.  Solid-state  cells  fabricated  with  composite  3  ex¬ 
hibited  reproducible  charge-discharge  characteristics.  To  sta¬ 
bilize  the  cells  after  fabrication,  these  cells  were  subjected  to 
a  conditioning  cycle  that  used  a  small  discharge  and  charge 
current  of  0.05  mA.  During  this  conditioning  process,  we  ob¬ 
served  minor  transient  behavior  (voltage  fluctuation)  in 
some  of  the  cells.  This  may  be  attributed  to  the  existence  of 
interfacial  flaws  during  cell  fabrication.  As  can  be  seen  in 
Figure  3,  a  lithium-oxygen  cell  containing  composite  3  deliv¬ 
ered  a  high  discharge  cell  capacity  of  10.5  mAh  at  a  discharge 
current  of  0.2  mA.  At  higher  discharge  currents  of  1  mA  and 


Figure  3.  The  charge-discharge  profiles  for  a  lithium-oxygen  cell  using  com¬ 
posite  3  as  the  cathode  at  discharge  (D)  and  charge  (C)  currents  of  5  mA 
( . ),  1  mA  ( - ),  and  0.2  mA  ( - ). 


2  mA,  the  cell  capacity  of  the  lithium-oxygen  cells  de¬ 
creased.  However,  the  cells  constructed  with  composites  1 
and  2  as  the  cathodes  delivered  1.97  and  9.03  mAh  discharge 
capacities,  respectively,  at  a  discharge  current  of  0.2  mA.[7] 
Discharge  capacities  of  1.44  and  0.7  mAh  for  cells  containing 
cathodes  composed  of  only  the  N— C  blend  or  a  C  blend,  re¬ 
spectively,  have  been  reported  previously.^  Our  results  are 
consistent  with  those  of  Kumar  et  al[6b],  who  reported  data 
for  incremental  increases  up  to  77  wt  %  LAGP  in  a  cathode 
formulation  (containing  a  mixture  of  Ketjenblack  and 
Calgon  activated  carbon  powder).  These  studies  indicated 
that  an  increase  in  LAGP  loading  increased  the  discharge  ca¬ 
pacity  of  the  cell.  In  addition,  an  increase  in  LAGP  loading 
also  increased  the  total  weight  of  the  cathode  and  lowered 
the  energy  density  of  the  cells.  Thus,  there  is  a  compromise 
between  the  wt%  of  LAGP  loading  and  the  discharge  cell 
capacity/energy  density  of  the  cell.  Our  efforts  were  aimed  at 
achieving  a  higher  cell  capacity  with  a  lower  wt  %  of  LAGP 
in  the  cathode  formulation.  The  energy  densities,  normalized 
with  the  weight  of  the  cathodes,  for  composites  1,  2,  and  3 
were  found  to  be  891,  3714,  and  4361  Whkg-1,  respectively, 
at  a  discharge  current  of  0.2  mA.  In  the  present  work,  the 
energy  density  of  the  cathode  containing  composite  3  repre¬ 
sents  a  nearly  1.2-fold  improvement  compared  to  the  energy 
density  for  composite  2.  Compared  to  the  cathode  composed 
with  only  the  N— C  blend,  the  cell  with  composite  3  has  a  cell 
capacity  seven  times  greater.  This  enhancement  in  cell  ca¬ 
pacity  is  because  of  improved  electrocatalytic  activity,  the 
high  mesoporosity  of  composite  3,  and  the  fast  lithium  ion 
conduction  deep  inside  the  cathode.  All  of  the  characteristics 
of  composite  3  are  indicative  of  highly  active  electrocatalytic 
sites  that  can  catalyze  discharge  reactions.  In  addition, 
a  higher  cathode  porosity  increases  oxygen  diffusivity 
throughout  the  cathode  and  increases  accumulation  of  reac¬ 
tion  products  that  help  to  improve  the  cell  capacity.  It  is  re¬ 
ported  that  pores  of  different  sizes  are  filled  with  discharge 
products  at  different  rates[10]  until  the  oxygen  electrodes 
cease  functioning.  Figure  3  also  shows  that  there  was  a  signifi¬ 
cant  potential  drop  during  the  initial  stage  of  discharge  due 
to  both  an  activation  barrier  of  cathode  chemistry  that  in¬ 
cludes  sluggish  kinetics,  and  series  resistances  between  vari¬ 
ous  cell  components. 

In  summary,  this  work  demonstrates  superior  cell  perfor¬ 
mance  of  lithium-oxygen  cells  with  cathodes  that  are  formed 
from  a  new  material,  composite  3  (a  N— C  blend  and  20  wt  % 
LAGP).  The  discharge  capacity  of  this  cell  is  10.5  mAh, 
which  is  an  order  of  magnitude  higher  than  with  a  meso¬ 
porous  carbon  cathode.  This  work  indicates  the  potential  of 
composite  3  as  a  promising  and  low-cost  cathode  material  for 
lithium-oxygen  batteries. 

Experimental  Section 

Fabrication  of  oxygen  cathode 

The  working  cathode,  composite  3,  was  prepared  from  a  mixture 
of  a  N-C  blend  and  20  wt  %  LAGP  (composites  1  and  2  con- 
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tained  5  and  10wt%  LAGP,  respectively).  The  N-C  blend  was 
prepared  from  a  mixture  of  nitrogen-doped  Ketjenblack  (N-KB) 
and  nitrogen-doped  Calgon  activated  carbon  (N-CA)  in 
a  40:60  wt%  ratio.  The  N-C  and  LAGP  powders  were  ball- 
milled  with  a  polytetrafluoroethylene  (PTFE)  suspension  and 
mixed  with  deionized  water  to  obtain  a  soft  mass.  The  solid 
pastes  were  spread  onto  nickel  foams  and  pressed  by  sandwich¬ 
ing  between  two  stainless-steel  plates  at  1  MPa.  The  cathode 
specimens  were  dried  overnight  at  100  °C  under  vacuum.  Solid- 
state  lithium-oxygen  cells  with  a  2  cm2  area  were  fabricated  by 
using  commercially  available  cell  casing  under  a  dry  argon  at¬ 
mosphere.  Each  cell  consisted  of  a  composite  film  mounted  onto 
a  nickel  foam  that  acted  as  the  working  cathode,  lithium  metal 
was  used  as  the  anode,  and  polymer-coated  LAGP  acted  as  the 
electrolyte. 


Physical  and  electrochemical  characterization 

The  morphology  of  the  composite  3  powder  was  examined  by 
using  SEM.  The  BET  surface  area  of  composite  3  (Figure  SI,  see 
the  Supporting  Information)  was  obtained  by  using  a  nitrogen 
sorption  instrument  (Micromeritics  ASAP  2020).  The  porosity  of 
the  cathode  material  was  measured  by  using  a  gas  pycnometer 
(Micromeritis,  Accu  Pyc  II  1340).  CV  measurements  were  per¬ 
formed  in  a  standard  three-electrode  cell  configuration  with  0.1m 
KOH  as  the  electrolyte,  the  CVs  were  measured  at  25  °C  with 
a  scan  rate  of  5  mV  min-1  by  using  a  VersaSTAT  4  (Princeton 
Applied  Research)  electrochemical  workstation.  A  paste  that 
consisted  of  the  N-C  blend,  20wt%  LAGP,  and  Nafion  (tetra- 
fluoroethylene  based  fluoropolymer-copolymer)  solution  was 
prepared  and  spread  onto  the  tip  of  a  graphite  rod,  which  was 
used  as  the  working  electrode.  A  Pt  wire  was  used  as  the  counter 
electrode  and  a  SCE  was  used  as  the  reference.  The  electrochem¬ 
ical  performance  of  the  solid-state  lithium-oxygen  cells  fabricat¬ 
ed  with  composite  3  was  examined  by  using  a  computer-con- 
trolled  VersaSTAT  4  electrochemical  workstation.  Charge-dis¬ 
charge  measurements  on  these  cells  were  performed  in  galvano- 
static  mode,  and  all  measurements  were  performed  under  an 
oxygen  atmosphere. 


Acknowledgements 

This  research  was  supported  by  the  Air  Force  Research  Labo¬ 
ratory,  Wright-Patterson  Air  Force  Base,  Ohio.  We  thank  Dr. 
B.  Kumar  at  the  University  of  Dayton  Research  Institute, 
Dayton,  Ohio,  for  supplying  the  LAGP  powder  for  this  re¬ 
search  work. 


Keywords:  batteries  •  carbon  ■ 

■  glasses  « 

•  mesoporous 

materials  •  oxygen  reduction 

[1]  P.  G.  Bruce,  S.  A.  Freunberger,  L.  J.  Hardwick,  J.-M.  Tarascon,  Nat. 
Mater.  2012, 11,  19-29. 

[2]  Handbook  of  Batteries  and  Fuel  Cells,  2nd  ed.,  (Ed.:  D.  Linden), 
McGraw-Hill,  New  York,  1984,  chap.  38. 

[3]  a)  G.  Girishkumar,  B.  McCloskey,  A.  C.  Luntz,  S.  Swanson,  W.  J. 
Wilcke,  /.  Phys.  Chem.  Lett.  2010, 1,  2193-2203;  b)  Y.  Shao,  S.  Park, 
J.  Xiao,  J.-G.  Zhang,  Y.  Wang,  J.  Liu,  ACS  Catal.  2012,  2,  844-857; 
c)  R.  Younesi,  M.  Hahlin,  F.  Bjorefors,  P.  Johansson,  K.  Edstrom, 
Chem.  Mater  2013,  25,  77-84. 

[4]  K.  M.  Abraham,  Z.  Jiang,  J.  Electrochem.  Soc.  1996, 143,  1-5. 

[5]  a)  H.-G.  Jung,  J.  Hassoun,  J.-B.  Park,  Y.-K.  Sun,  B.  Scrosati,  Nat. 
Chem.  2012,  4,  579-585;  b)  Z.  Peng,  S.  A.  Freunberger,  Y.  Chen, 
P.  G.  Bruce,  Science  2012,  337,  563-566;  c)  H.  Kitaura,  H.  Zhou, 
Energy  Environ.  Sci.  2012,  5,  9077-9084;  d)  Y.  L.  Li,  J.  J.  Wang,  X.  F. 
Li,  D.  S.  Geng,  M.  N.  Banis,  R.  Y.  Li,  X.  L.  Sun,  Electrochem. 
Commun.  2012,  18,  12-15;  e)  S.  H.  Oh,  L.  F.  Nazar,  Adv.  Energy 
Mater.  2012,  2,  903-910;  f)  J.  R.  Harding,  Y.-C.  Lu,  Y.  Tsukada,  Y. 
Sharo-Horn,  Phys.  Chem.  Chem.  Phys.  2012, 14,  10540-10546. 

[6]  a)  B.  Kumar,  J.  Kumar,  R.  Leese,  J.  P.  Fellner,  S.  J.  Rodrigues,  K.  M. 
Abraham,  J.  Electrochem.  Soc.  2010,  157,  A50-A54;  b)  B.  Kumar,  J. 
Kumar,  J.  Electrochem.  Soc.  2010, 157,  A611-A616. 

[7]  P.  Kichambare,  S.  Rodrigues,  J.  Kumar,  ACS  Appl.  Mater.  Interfaces 
2012,  4,  49-52. 

[8]  P.  Kichambare,  J.  Kumar,  S.  Rodrigues,  B.  Kumar,  J.  Power  Sources 
2011, 196,  3310-3316. 

[9]  B.  Kumar,  P.  Kichambare,  S.  Rodrigues,  J.  Kumar,  R.  G.  Keil,  Elec¬ 
trochem.  Solid-State  Lett.  2011, 14,  A97-A99. 

[10]  C.  Trans,  X.  Q.  Yang,  D.  Qu,  J.  Power  Sources  2010, 195,  2057-2063. 


Received:  October  17,  2012 
Revised:  January  10,  2013 
Published  online  on  March  18,  2013 


Energy  Technol.  2013,  1,  209-211 


www.entechnol.de  211 


©  2013  Wiley-VCH  Verlag  GmbH&Co.  KGaA,  Weinheim 

3 

Approved  for  public  release;  distribution  unlimited. 


